Trial demonstrated that intensive insulin therapy (IIT) improves many secondary complications of insulin-dependent diabetes mellitus. However, weight gain in IIT is associated with increased body fat, and no improvement in lean body mass. In the present study we investigated the effects of experimental diabetes on changes in body composition and probed the benefit of glycaemic control achieved through islet transplantation. Male Wistar Furth rats (weight 273 + 9 g) made diabetic for 2 weeks with streptozotocin (55 mg/kg) were infused intraportally with 3265 + 692 (150 ~m islet equivalent units) syngeneic islets of Langerhans. Body composition was evaluated by proximate analysis in carcasses of transplant rats (Trans), and also in rats made diabetic for 2 or 7 weeks (Db-2, Db-7) and in 2-and 7-week sham controls (Sham-2, Sham-7). Fed plasma glucose levels were 7.3 + 1.1, 28.2 + 2.4, 26.8 + 3.9, 7.5 + 1.0 and 7.0 + 0.1 mm/1, respectively, and neither glucose tolerance nor fasting plasma insulin differed between control vs transplant rats (p > 0.05). Two weeks of diabetes resulted in a body weight 82 % of that of controls (240 + 5 vs 292 + 8 g, p < 0.05) and 5 subsequent weeks of diabetes further suppressed growth by an additional 12 % (p < 0.05). Five weeks following islet transplantation, islet-transplant rats had regained lost weight and were not significantly different from control animals (274 + 19 vs 291 + 21 g, p > 0.05). Body composition analysis indicated that protein mass was virtually completely regained by 5 weeks post-transplantation (Db-2 = 39.6 + 0.9, Trans = 46.8 + 4.7, Sham-7 = 49.6 + 2.9 g; p > 0.05: Trans vs Sham-7), and fat mass of transplant rats was 75 % that of control values (p < 0.05). These data illustrate that the near physiologic glycaemic control achieved through pancreatic islet transplantation is associated with normalization of lean body mass accretion in experimental diabetes and does not induce a disproportionate accumulation of body fat. [Diabetologia (1995) 38: 881-888] 
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The rationale for IIT is predicated on the hypothesis that more precise control of plasma glucose will be necessary to ameliorate or control long-term complications of diabetes. However, the demonstration of increased hypoglycaemic episodes and disproportionate weight gain as body fat, underscores the ultimate need for a more physiologic control of glucose than is presently obtained with IIT. Thus, investigations of alternate insulin delivery strategies such as islet transplantation, remain viable paradigms to experimentally delineate the advantages of more physiologic insulin delivery systems upon the secondary complications of insulin-dependent diabetes mellitus (IDDM).
That islet transplantation can ameliorate or reverse selected complications of IDDM in experimental diabetes is well-established [6] . The benefits of islet transplantation include, but are not restricted to, improved renal function [7] , amelioration of retinal capillary leakage [8] , correction of autonomic nervous system dysfunction [9] , and reversal of cardiac lesions [10] . Episodes of idiopathic hypoglycaemia due to erratic or uncontrolled insulin secretion have not been reported in the literature. In addition, nearphysiologic control of plasma glucose has been demonstrated even in stress paradigms such as exercise [11] . Taken together, these data illustrate that islet transplantation has the potential to result in independence from exogenous insulin, normalize glycaemic control even in individuals with active lifestyles, and ameliorate many of the secondary complications of IDDM.
One of the consistently demonstrated benefits of islet transplantation is that the weight loss associated with experimental diabetes is rapidly regained [12] [13] [14] . Even diabetic animals transplanted with a suboptimal islet mass will begin to regain body weight, although fed-state normoglycaemia has not been achieved [15] . While reversal of diabetes-related growth deficits have been described by a number of laboratories, the body composition of weight gain following pancreatic islet transplantation has not been elucidated.
The purpose of the present investigations was to characterize the weight gain associated with reversal of experimental diabetes following intraportal islet transplantation. We hypothesized that the near-normal physiologic control of plasma glucose achieved through pancreatic islet transplantation would be associated with a proportionate gain in body fat and lean body mass. The present experiments demonstrate the effect of glycaemic control achieved through pancreatic islet transplantation, and its subsequent effect upon protein, fat, and mineral content of the carcasses of male rats in a model of streptozotocin diabetes.
Materials and methods
Animals. Male Wistar Furth rats (Harlan Sprague-Dawley, Indianapolis, Ind., USA) were obtained at 9-10 weeks of age, approximately 220 g body weight, and housed individually in shoebox cages with cellulose bedding material. Animals were maintained on a 12-h light/dark cycle (lights on 07.00 hours) and had access to food (Harlan Teklad, # 7002, 6 % Mouse/ Rat Diet) and water ad libitum. All procedures were carried out in accordance with the guidelines of the National Institutes of Health and the Institutional Animal Care and Use Committee of Mercer University School of Medicine.
Monitored parameters. Plasma glucose was monitored weekly in non-fasted animals (at 12.00-14.00 hours). Tail vein blood samples were collected into 150 ~1 heparinized Eppendorf tubes, placed on ice, and centrifuged within 15 min to separate plasma. Samples were stored at -20 ~ for future glucose analysis.
Diabetes induction. Following 1-2 weeks of acclimation, animals were randomly assigned to treatment groups when body weight was approximately 265-280 g. Animals designated for diabetes or islet transplantation were anaesthetized with 60 mg/kg sodium pentobarbital (Somnotol) and injected i.v. (penile vein) with 55 mg/kg streptozotocin (Sigma, St. Louis, Mo., USA) dissolved in acetate buffer. Control animals were also anaesthetized, but were injected with acetate buffer only. Diabetes was allowed to develop for a 2-or 7-week period (Fig. 1) .
Donor islet isolation. Donor male Wistar Furth rats (approximately 250 g) were fasted overnight and prepared for pancreatectomy following 60 mg/kg i.p. sodium pentobarbital injection. Islets were isolated using the methods of Ballinger and Lacy [16] with modifications as described previously [15] . Briefly, the pancreas distended with Hanks balanced salt solution (HBSS, Sigma), was excised, minced, and the islets were digested from connective tissue with type V collagenase (Sigma, lot number 071H6840). We washed the islets in cold HBSS, purified them on a ficoll gradient, and placed them into Medium-199 (Sigma). Purified islets were visualized under 250 x magnification with a green illuminated background and white fibre optic side illumination. Using a glass micro-pipette we hand-picked islets to obtain grafts containing approximately 3000 islets. The average islet diameter of each graft was estimated by sampling a portion of the graft suspended in Medium-199. We quantified islet diameter against an optical graticule; islet number per graft was calculated as 3265 + 692 (150 ~tm islet equivalent units) according to standards established by Ricordi et al. [17] .
Islet transplantation. After 2 weeks of diabetes (Db), six animals were prepared for islet transplantation following an overnight fast. Donor islets were infused into the portal vein in a carrier of Medium-199 while the animal was under sodium pentobarbital anaesthesia (20 mg/kg). Residual islets in the infusion apparatus were quantified to verify a successful graft infusion. Sham control rats (n = 6) as well as those animals destined for 2 (n = 6) or 7 weeks of diabetes (n = 6) were infused intraportally with Medium-199 only.
Preparation for in vivo determinations. Three weeks following islet transplantation we implanted chronic indwelling catheters into the right external jugular vein (JV) and the left femoral artery (FA). Catheters were tunnelled subcutaneously and exteriorized dorsally on the head, housed in a protective plastic cap as previously described [18] . The catheters were filled with heparinized saline (10 U/ml), and were sealed. To limit experimental stress upon short-term animals, those rats destined for only 2 weeks of diabetes were sham operated and the JV and FA were ligated.
One week following catheter surgery, animals were fasted overnight with food removed at 22.00 hours (3 h into dark cycle) to allow for normal cyclic feeding and preclude a state of semi-starvation during experimental protocols. On the morning of in vivo determinations, animals were brought into the laboratory and placed in a plexiglass experiment box (25 x 25 x 11 cm) with fresh bedding and a continuous air supply (3-4 l/rain). Catheters were flushed with heparinized saline and connected to extensions of PE-50 tubing. Animals were acclimated to the laboratory environment for 30 min prior to experiments.
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Sample handling. Blood samples for plasma glucose and insulin (100 ~tl) were placed into tubes containing sodium heparin (10 U) and placed immediately on ice. The plasma was separated by centrifugation (12,700 x g, 5 rain, Damon/IEC Microfuge, Neddham Hts., Mass. USA) and was subsequently stored at -20 ~ until the time of analysis.
Insulin secretion and glucose tolerance. One week following catheter surgery, insulin secretion, glucose tolerance, and the acute insulin response to glucose (AIRg), were measured in fasted animals (10 h) following an i.v. bolus of glucose (0.3 g/ kg, 10 % solution). Blood samples were obtained by arterial catheter for plasma glucose at -10, -5, 1, 2, 3.5, 5, 6.5, 8, 10, and 15 min and for plasma insulin at -10, -5, 1, 2, 3.5, and 6.5 min post-glucose injection (0 min). Blood samples for plasma glucose and insulin analysis (200 ~1) were placed into tubes containing sodium heparin (10 U) and placed on ice. Plasma was separated by centrifugation (12,700 x g, 5 rain) and was stored at -20 ~ until analysis.
Sample analysis. Plasma glucose from monitored samples and glucose tolerance tests was analysed by glucose oxidase method using a Beckman Glucose Autoanalyzer II (Brea, Calif., USA). Plasma insulin was determined in samples from glucose tolerance tests by double antibody competitive binding radioimmunoassay (RIA) (Linco, St.Louis, Mo., USA) using rat antibody and rat insulin standards. The within-run coefficient of variation for the insulin assay was 5.6 % for six assays.
Body composition measures.
One week following intravenous glucose tolerance tests animals were exsanguinated and prepared for measures of body composition while under sodium pentobarbital anaesthesia. The heart and lungs were removed, the peritoneal cavity was excised of the gastrointestinal tract, liver and kidneys, leaving the epididymal and retroperitoneal fat pads intact. The paws and tail were clipped from the animals as previously described to facilitate a more homogenous grinding and sampling of carcasses [19] . The animals were weighed, then frozen at -70 ~ until the time of analysis.
Three aliquots of finely ground and homogenized samples were used for proximate chemical analysis [20] . Dry matter was determined following lyophilization and oven drying at 105 ~ Protein was determined by the micro-Kjeldahl method, and total fat by the Foss-let procedure [21] . Mineral content was determined by ashing the samples in a muffle furnace (470 ~ for 18 h.
Statistical analysis
We calculated the acute insulin response to glucose (AIRg) as the peak insulin concentration observed at 1, 2, or 3.5 min following glucose injection, minus the average pre-stimulus insulin concentration. Glucose tolerance (Kg) was determined as the slope of the log of the glucose concentration vs time following i.v. glucose injection, using the six blood glucose samples obtained during the 2-10 min post-injection. Differences in the dependent variable responses between groups were assessed using a one-way analysis of variance (ANOVA) (NCSS, Version 5.03, Kaysville, Utah, USA), with a post-hoc Duncan's test. All comparisons were considered statistically significant at p < 0.05. Week of study 
Results
Samples for determination of plasma glucose were collected by tail vein sampling on a weekly basis in non-fasted animals ( Fig. 1) . Plasma glucose concentration increased to greater than 26 mm/1 in diabetic rats, yet was not significantly different between longterm diabetic animals and those that subsequently received transplants of islets of Langerhans (p > 0.05). Following islet transplantation the plasma glucose concentration returned to a value not significantly different from that of controls within i week following transplant or sham surgery (p > 0.05). There were no significant differences in body weight between animals destined for diabetes, islet transplants or sham control designation prior to experimental treatment (Fig. 2) . There was a significant loss of weight in streptozotocin-treated animals (approximately 34 g) through the third (vs first) week (p < 0.05); however, sham-treated controls gained on average approximately 20 g (p < 0.05). At this point, animals were sham treated or transplanted with freshly isolated islets of Langerhans from syngeneic pancreas donors. Venous and arterial catheters were placed in week 5. In week 6 an intravenous glucose tolerance test was performed, and in week 7 the animals were killed for body composition analysis. Following catheter surgery there was an equivalent 5 % loss of body weight during the following 2 weeks in both transplant and control animals (p < 0.05), while diabetic rats declined by 13 % (p < 0.05, by one-tail paired t-test).
An intravenous glucose tolerance test was performed in week 7, at 4 weeks post-islet transplantation (Table 1 ). There were no significant differences in the fed (Fig. 1) or fasting plasma glucose levels of sham-treated or islet-transplant animals; however, both the fed and the fasting plasma glucose concentrations were significantly elevated in diabetic animals (p < 0.05). The acute insulin response to glucose (AIRg) was calculated as the incremental increase in plasma glucose above baseline during the 3.5min following i.v. glucose injection (Table1). However, with the exception of one diabetic animal, all rats exhibited a peak insulin response during the first 2 rain post-injection. The AIRg of transplant animals was 66 % of control values; however, glucose tolerance did not differ between transplant and control rats. When contrasted to sham controls, the AIRg and Kg of diabetic animals were reduced 99 % and 72%, respectively, at 7weeks of diabetes (p < 0.05).
One week following the glucose tolerance test, animals were killed and body composition was subsequently determined by proximate analysis in eviscerated animal carcasses (Table 2) . During the 5 additional weeks of diabetes, Db-7 animals engendered a 25 % reduction in carcass weight, while transplant animals increased carcass weight by 26 % (p < 0.05, vs Db-2). The greatest percentage of carcass water was demonstrated in Db-7 rats who had 68.0 % carcass water content vs sham controls who had 65.1% water (p < 0.05). In diabetic animals, the percentage ash content was greater than controls, with the greatest percentage seen in Db-7 rats (p < 0.05). The percentage carcass protein content was also greatest in diabetic animals; however, there were no significant differences between the Db-2 and Db-7 rats (p > 0.05). As would be expected from the hypercatabolic diabetic state, the percentage of carcass fat was dramatically lower in diabetic rats when compared to controls or islet-transplant animals, and was also lower in Db-7 than Db-2 animals (p < 0.05).
The contribution of carcass protein and fat to the increased growth of the islet transplanted rat is illustrated in Figure 3 . Within the 5 additional weeks of diabetes, the Db-7 animals exhibited a protein mass 28 % less than, that of Db-2 animals (p < 0.05). Five weeks following islet transplantation these previously diabetic rats demonstrated a 15 % greater protein mass than Db-2 rats and a carcass protein content that was 175 % of Db-7 values (p < 0.05). Car-cass fat mass was dramatically less in diabetic animals and was approximately 10 g greater in islet-transplanted animals compared to Db-2 animals (p < 0.05). At 5 weeks post-islet transplantation, there were no significant differences in the carcass protein content of islet-transplanted rats when compared to their sham-treated counterparts (p > 0.05).
The ash content of the experimental animals is depicted in Table 3 . Two weeks of diabetes was not sufficient time to engender a significant difference in this indicator of the total body bone mineral (TBBM) content [22] of diabetic animals. However, following 7 weeks of diabetes, the ash content of Db-7 carcasses was 22 % less than that of Sham-7 control animals (p < 0.05). The ash content of transplant animals was intermediate, not different from diabetic or control animals (p > 0.05). A contrast of the ash to body weight or protein weight indicates that 2 weeks of diabetes results in a relative gain in the proportion of TBBM content; however, only the ash: protein ratio could be concluded as significantly greater than control at 7 weeks of diabetes (p < 0.05).
Discussion
In the present studies we evaluated changes in body weight during 2 or 7 weeks of diabetes and contrasted carcass composition to animals receiving an intraportal islet transplant of approximately 3000 syngeneic islets of Langerhans. The present studies illustrated that the weight loss associated with experimental diabetes is reversible through islet transplantation. This is an observation which has been consistently demonstrated by a number of laboratories [12] [13] [14] [15] since landmark investigations in islet transplantation were performed by Ballinger and Lacy [16] . In the present studies, however, we additionally demonstrated that the regain of body weight following islet transplantation is associated with an increase in both body protein and body fat content. Thus, these are the first investigations to demonstrate that glycaemic control resulting from pancreatic islet transplantation is associated with a relatively proportionate regain in the constituents of body weight lost during 2 weeks of experimental diabetes.
That islet transplantation is not associated with a disproportionate fat accumulation at the expense of protein accretion differs from results demonstrated in human subjects on IIT. In the DCCT, the two primary detrimental consequences of IIT were ascribed to hypoglycaemia and weight gain. Subsequent studies by Carlson and Campbell [5] have elegantly delineated the energetic components of weight gain in patients on IIT. The disproportionate fat accretion associated with this therapy can be ascribed to a shift in energy balance; 70 % of this positive energy balance is explained by a reduction in glycosufia, and the remainder is attributed to a reduction in the resting metabolic rate. In addition, IITwas associated with a decreased protein and fat oxidation and an increase in carbohydrate oxidation. Since the net caloric balance favoured energy gain, when coupled with a diminished fat oxidation, the decreased resting metabolic rate promoted a disproportionate accumulation of body fat.
The energetic components of weight gain following islet transplantation have not been investigated by any research group. However, data from previous investigations suggest that a portion of the benefit associated with islet transplantation may be explained by a reduction in caloric intake concomitant with improved glycaemic normalization. Our previous studies illustrated that within 3 weeks following transplantation of approximately 3000 islets, previously diabetic rats completely normalized food intake when compared to sham-treated controls [23] . Thus, even though these animals demonstrated an AIRg 60 % of that of controls [15, 23] , a magnitude similar to the present study, food intake of islet-transplanted rats was not different from that of controls (p > 0.05; 19 + 1 vs 18 + 1 g/day). One notable recommendation from the studies of Carlson and Campbell [5] was that IIT patients should be instructed to reduce caloric intake in an effort to offset weight gain. Given the historically demonstrated failure of current weight reduction/maintenance strategies [24] , it seems reasonable to assume that weight gain will not be easily managed long-term, in patients on IIT. Thus, it is encouraging that islet transplantation offers an additional advantage, since intraportal islet transplants in previously diabetic rats are associated with a reduction in food intake to a level not different from that of controls within 3 weeks following glycaemic normalization.
The anabolic effects of insulin per se upon protein metabolism are well-documented; thus, the improved protein mass in the animals of the present studies was not unanticipated. As early as 1933, Walsh and colleagues illustrated that protein wasting in IDDM could be eliminated by administration of insulin [25] . Later studies suggested that the degree of metabolic control observed in uncontrolled diabetes may be a determinant of the degree of protein wasting [26] . However, a single mechanism of action which describes the exact nature of the effect of insulin on proteolysis or proteogenesis, remains to be elucidated. The decrease in skeletal muscle protein synthesis observed in diabetes may be related to a decreased number and translational efficiency of ribosomes [27, 28] and may additionally involve alterations in peptide chain elongation/termination [29] . Some manifestations may be organ related, for in the liver, specific secretory proteins such as albumin seem to be particularly effected by insulin deft-ciency. The data of the present studies illustrate that streptozotocin diabetes of 2 weeks' duration resulted in a carcass protein mass which was 80 % of that of controls at 2 weeks and 57 % of that of controls at 7 weeks. These data demonstrate time-dependent effects which promote further loss of carcass protein content in longer duration diabetes. Islet transplantation, however, resulted in a regain of lost protein to a level which was 94 % of and not statistically different from that of controls (p > 0.05). Thus, not only was islet transplantation successful in arresting further protein loss, it was also associated with a regain in carcass protein to normal level as contrasted to age-matched control animals. The present model of protein loss and regain may serve as a useful paradigm to elucidate the catabolic and anabolic effects of insulin, while discriminating effects of mode of insulin administration. In the present paradigm, normalizing the basal insulin concentration may be important to up-regulating protein synthesis, since transplant animals demonstrated equivalent fasting plasma insulin concentrations, yet exhibited an AIRg which was only 66 % of that of control values. Future studies will elucidate the mechanisms of protein gain in islet-transplanted animals, to determine the independent effects of additional factors such as energetic or dietary influences and interactions of islet mass upon carcass protein accretion in experimental diabetes.
In addition to demonstrating alterations in protein and fat, the present animals had a lesser TBBM content following 7 weeks of diabetes than did shamtreated controls. These data suggest that the TBBM content of the diabetic animals was attenuated either by hyperglycaemia or insulinopenia. That IDDM is associated with altered bone mineralization has been documented both in humans [30, 31] and in laboratory animals [32] . Bouillon [33] hypothesized that the decreased bone mineralization of IDDM is the result of a negative calcium balance induced by a decrease in vitamin-D receptors, intestinal calcium absorption, renal 1-a hydroxylase activity, osteoblast number, and serum osteocalcin. The resultant osteopenia leads to bone fragility in IDDM. Insulinopenia per se is proposed to be the primary defect, and a portion of the aetiology of diabetic osteopenia may be secondarily mediated via decreased growth hormone and insulin-like growth Factor-1 (IGF-1), with a concomitant androgen deficiency or resistance. The present data demonstrated that during 7 weeks of diabetes streptozotocin-treated animals failed to achieve the TBBM content of age-matched control animals. Yet, there was no net decrease in the amount of mineral content when contrasted with Sham-2 rats. Thus, these data are consistent with the observation in humans of a deficit in bone mineralization at the time of clinical onset of IDDM [30] . The present data support the hypothesis that an early ef-887 fect of diabetes is to inhibit bone accretion during growth periods. Unfortunately, 5 weeks of gtycaemic control achieved through pancreatic islet transplantation did not significantly affect the TBBM content; however, the ash: body weight and the ash: protein ratio was normalized by islet transplantation. Whether allowing for a longer duration of growth post-islet transplantation or whether transplanting a greater mass of islets would favour a more complete normalization of TBBM content in previously diabetic rats, remains to be determined.
In summary, 2 weeks of streptozotocin diabetes was associated with a reduction in body weight which was corrected following intraportal pancreatic islet transplantation. The gain in body weight during the 5 weeks post-transplant surgery was explained by a gain in both carcass protein and fat content. Additionally, 7 weeks of diabetes was associated with a 22 % lesser TBBM content, which was marginally, but not statistically improved with islet transplantation. These studies illustrate that the weight gain following pancreatic islet transplantation does not involve a disproportionate fat accretion, but is associated with a proportional gain in both body protein and body fat. Thus, islet transplantation in rats appears to affect body composition in a manner different from that observed in diabetic patients receiving intensive insulin therapy.
